STUDY QUESTION: Can subphenotype analysis of genome-wide association study (GWAS) data from subjects with testicular germ cell tumor (TGCT) provide insight into cryptorchidism (undescended testis, UDT) susceptibility?
Introduction
Non-syndromic cryptorchidism (or undescended testis, UDT) is a common male reproductive birth defect of unknown etiology. UDT is considered a component of the 'testicular dysgenesis syndrome' (TDS), the putative result of altered fetal testicular hormone production or function due to genetic and/or environmental factors (Skakkebaek et al., 2016) . In experimental TDS models, fetal rats exposed to endocrine-disrupting chemicals with anti-androgenic activity developed UDT, hypospadias and/or altered germ cell development, with the spectrum of malformations dependent on genetic background (Wilson et al., 2008; Skakkebaek et al., 2016) . However, testicular germ cell tumor (TGCT), the fourth TDS component, does not occur in these models. In contrast, 2-16% of males with TGCT have a history of ipsilateral or, rarely, contralateral UDT (Moller and Skakkebaek, 1997; McGlynn and Cook, 2009; Trabert et al., 2013) .
A large population-based twin study suggested that UDT risk was moderately heritable, particularly in maternal relatives, and influenced by environmental factors (Jensen et al., 2010) . Sequence analysis of genes in the androgen and insulin-like 3 (INSL3) hormone signaling pathways, which regulate development of the fetal gubernaculum and testicular descent, has failed to identify causative variants in the majority of UDT cases (Barthold et al., 2016b) . To discover susceptibility loci, we completed a human genome-wide association study (GWAS) of non-syndromic UDT (Barthold et al., 2015a, b) and extensive analysis of a rat model of inherited UDT, the Long-Evans-derived LE/ orl strain (Barthold et al., 2008 (Barthold et al., , 2014 (Barthold et al., , 2016a . In contrast to a similarly powered GWAS of hypospadias (Geller et al., 2014) , we did not identify genome-wide, significantly associated loci in our human GWAS, while the LE/orl data suggested multi-locus susceptibility. However, pathway analyses of suggestive GWAS signals and the altered transcriptome of the LE/orl fetal gubernaculum suggested a role for cytoskeletal, muscle development and androgen receptor (AR) signaling in UDT susceptibility.
In the absence of additional UDT GWAS data, we performed two subphenotype meta-analyses of GWAS data available through the Testicular Cancer Consortium (TECAC) (Wang et al., 2017) for comparison with our GWAS and LE/orl rat transcriptome data. Suggestive signals common to all three GWAS datasets occurred primarily within neurodevelopmental genes, including paralogs encoding RBFOX family RNA-binding proteins (RBPs) and teneurins.
Materials and Methods

GWAS data analysis
The TECAC database includes white subjects with UDT subphenotype information collected by investigators at the National Cancer Institute (NCI), the Institute of Cancer Research in the United Kingdom (UK) and the University of Pennsylvania (Penn). There were 129 TGCT cases with a history of UDT (TGCT/UDT), 1771 TGCT cases without a history of UDT (TGCT/non-UDT), and 3967 unaffected controls (Table I) . We used the following criteria for marker exclusion: missing genotype rate >5%, significantly different missing genotype rates between cases and controls (P < 0.00001), low minor allele frequency (MAF < 0.01) and imputation quality score <0.8. We performed case-case (TGCT/UDT vs TGCT/non-UDT) and case-control (TGCT/UDT vs unaffected control) genome-wide association analyses of the TECAC data using SNPTEST (version 2.5.2, https://mathgen.stats.ox.ac.uk/genetics_software/ snptest/snptest.html). In the case-control analysis, we also excluded SNPs with Hardy-Weinberg equilibrium (HWE) P-values <1 × 10 −5
. We combined the SNPTEST data to complete TECAC case-case and case-control meta-analyses using META (META version 1.7 http://www.stats.ox.ac. uk/~jsliu/meta.html). We used a cutoff of P < 0.001 to define suggestively associated single nucleotide polymorphisms (SNPs), which we mapped to genes using Ingenuity Pathway Analysis (IPA ® , Summer 2017 release).
We re-mapped existing summary results from our UDT GWAS, comprising a meta-analysis of two imputed datasets totaling 844 cases and 2718 controls that were sampled sequentially using the same criteria, but genotyped using different platforms (Barthold et al., 2015a) . Exclusion criteria for both groups included multiple congenital anomalies, any syndrome, and other genital anomalies. We also re-mapped the results of six subphenotype meta-analyses based on testis position (proximal vs distal), affected side (unilateral vs bilateral) and age at presentation (congenital vs acquired). In this published UDT GWAS, we defined 'suggestive' SNPs as those with P-values <0.001 in the meta-analysis, but adopted a conservative approach that included only those markers for which both case-control groups met at least nominal significance (P < 0.05). For the present study, we included all suggestive SNPs in the re-analysis of our UDT GWAS data to maintain consistency with the TECAC data.
Pathway and gene enrichment analysis
We used IPA ® to map sets of markers and associated P-values to intragenic regions, generating a list of mapped genes for each meta-analysis. For the UDT subphenotype dataset, we excluded genes already included in the main UDT list. To avoid potentially biased effect estimates for rarer SNPs in view of the small number of TGCT/UDT cases, we excluded genes mapped solely by markers with MAF < 0.05 from further analysis. We scored the full UDT and TECAC gene lists, and genes common to all three analyses, using the standard hand-curated biological function categories and canonical pathways available in IPA ® . In addition, we scored these lists against custom collections of biologically relevant genes, as we reported previously (Barthold et al., 2015a) . We updated the list of syndromic UDT genes using clinical synopses in Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org/), the Winter-Baraitser Dysmorphology Database, Mouse Genome Informatics (MGI) (http:// www.informatics.jax.org/) and published transgenic mouse literature. In addition, we tested for enrichment of newly annotated fetal rat gubernaculum gene expression data from our prior studies (Barthold et al., 2008 (Barthold et al., , 2014 (Barthold et al., , 2013 Johnson et al., 2010) , genes encoding actin-binding and calponin homology (CH) domain proteins containing nuclear receptor box motifs (UniProtKB, http://www.uniprot.org/) (Ting and Chang, 2008; Barthold et al., 2015a) , and genes encoding AR-interacting and/or signaling pathway proteins (http://androgendb.mcgill.ca/; (Jasavala et al., 2007) ). Finding suggestive intragenic SNPs in genes encoding RBFOX proteins, we also analyzed enrichment of RBFOX targets and autism spectrum disorder (ASD) genes, based on association of RBFOX1 with ASD (Bill et al., 2013) . RBFOX targets included two independent but partially overlapping ( Supplementary Fig. S1 ) lists of (i) experimental targets common to all RBFOX paralogs (RBFOX1/2/3), predicted by crosslinking immunoprecipitation (CLIPSeq) studies in mouse tissues (http://POSTAR.ncrnalab. org) (Hu et al., 2017) , and (ii) computationally predicted targets in genes containing the conserved consensus RBFOX target sequence (U)GCAUG (Zhang et al., 2008) . The ASD gene list comprised 2500 genes defined by genome-wide ranking (ASD@Princeton; http://asd.princeton.edu) (Krishnan et al., 2016) . We also generated a negative comparison dataset by mapping all SNPs from the UDT analysis into IPA ® to create a list of 700 'least significant' genes (smallest intragenic P-value >0.6).
Transcript and protein expression in fetal gubernaculum
We used rat-specific primers (Supplementary Table S1 ) to interrogate expression of nuclear and cytoplasmic transcripts of Rbfox1 and Rbfox2 (annotated in Ensembl, http://useast.ensembl.org) in existing gubernaculum samples obtained from fetal Long Evans wild type (LE/wt) and UDT susceptible LE/orl fetuses. We used 3% ethidium bromide gel electrophoresis followed by excision, purification and sequencing of bands of expected size to confirm amplification of specific products. We quantified transcript expression by quantitative reverse transcriptase-PCR (qRT-PCR) using a protocol reported previously (Johnson et al., 2010; Barthold et al., 2008 Barthold et al., , 2013 and TaqMan gene expression assays (Thermo Fisher Scientific, USA) specific for Rbfox1 (Rn01761235_m1), Rbfox2 (Rn01197021_m1), Rbfox3 (Rn01464214_m1) and Gapdh (Rn99999916_s1). For whole mount immunostaining, we used a benzyl alcohol:benzyl benzoate (BABB) clearing protocol described previously (Ahnfelt-Ronne et al., 2007; Barthold et al., 2014) . Briefly, we obtained fresh E17 and E19 LE/wt gubernaculum samples by microdissection, followed by fixation in fresh 4% paraformaldehyde, incubation in 100% methanol, treatment with Dents bleach, rehydration and incubation in blocking buffer. Whole mount gubernaculum samples were subsequently incubated at +4 C overnight in RBFOX1 (1:50, Novus, USA, NPB1-90304) or RBFOX2 (1:100; Bethyl Labs, USA Cat#A300-864A-T) and A4.1025 anti-myosin (Developmental Studies Hybridoma Bank, USA) antibodies. Secondary antibodies were donkey anti-rabbit Alexa Fluor 555 (cat# A31572) and donkey anti-mouse Alexa Fluor 488 (#A11029), and Draq5 (#62254) to stain nucleic acids (all from Thermo Fisher Scientific USA). After tissue clearing, we acquired confocal images using a Zeiss LSM 880 scope equipped with a ×25 oil immersion lens and the Zeiss (Germany) Zen Software package. after log transformation in IBM SPSS v 22 (USA). For the GWAS data analysis, we used a standard genome-wide significant maximum P-value of 5 × 10 −8
Additional statistical analysis
, and we defined P-values >5×10 −8 and <0.001 as suggestive. For all other analyses, we considered P-values <0.05 as statistically significant.
Results
We identified suggestive (P < 0.001) signals within 628, 711 and 679 genes in the full UDT, TECAC case-case and TECAC case-control analyses. Of these, 19 genes (17 protein-coding and 2 non-coding RNAs) were present in all three datasets (hereafter referred to as 'shared genes'), and an additional 102 genes were common to at least two datasets ( Fig. 1 and Table II) , although the mapped intragenic signals varied among them (Supplementary Table SII) . The 19 shared genes include the paralogs RBFOX1 and RBFOX3, which encode RBPs targeting (U)GCAUG nucleotide motifs within developmental neural transcripts and TENM2 and TENM4, encoding teneurins, which function in neuronal, gonadal and sensory pathway development through regulation of cytoskeletal organization Woelfle et al., 2015) . Suggestive intragenic signals were also present in at least 4 of the 6 UDT subphenotype analyses for ADAMTSL1, CNTN4, CSMD1, DNAH11, ERG, FHIT, LOC105377441, PTPRD and RBFOX1. Additionally, ADAMTSL1, RBFOX1 and TENM2 are located in or near UDT-associated linkage peaks in the LE/orl rat (Barthold et al., 2016a) and CNTN4 is located within the 3p deletion syndrome interval whose phenotypic spectrum includes UDT (Oguro-Ando et al., 2017). The TECAC case-control analysis did not produce any suggestive intragenic signals at known TGCT loci (Pyle and Nathanson, 2016; Litchfield et al., 2017; Wang et al., 2017) .
We found that 12 of 19 shared genes (76%) are predicted ASD susceptibility loci according to the ASD@Princeton (Krishnan et al., 2016) and AutDB (Basu et al., 2009) databases. Fifteen genes are linked to axon guidance, neuronal development and/or neurodevelopmental disorders (Table II) . Additionally, our existing transcriptome data indicated that the majority of shared genes are expressed in the fetal rat gubernaculum and regulated by DHT or INSL3 and/or differentially expressed in the cryptorchid LE/orl rat (Table II) .
Pathway analysis of the UDT and TECAC gene datasets showed 22 overlapping functional categories (Supplementary Table SIII) ; the most significant (P ≤ 10 −5 ) are 'Nervous System Development and Function, Cellular Assembly and Organization', and 'Cellular Function and Maintenance', but no common overrepresented canonical signaling pathways. In the gene enrichment analyses, UDT-associated genes, genes encoding actin-binding and calponin homology domain proteins containing nuclear receptor box (LXXLL) motifs, and fetal rat gubernacular transcripts downregulated during development or responsive to DHT were overrepresented by intragenic signals within the UDT and at least one of the TECAC datasets (Table III) . We did not observe overrepresentation of genes encoding AR-associated proteins or rat transcripts that are developmentally upregulated, responsive to INSL3, or differentially expressed in the cryptorchid LE/orl strain in any of the UDT or TECAC analyses.
In contrast, we consistently observed marked enrichment of both experimentally and/or computationally predicted RBFOX targets (Table III) . These observations were consistent for both experimentally determined gene targets common to RBFOX1, RBFOX2 and RBFOX3 proteins, and computationally predicted targets. Overall, predicted RBFOX targets comprised 25% of all genes defined by intragenic signals, with many differing between the UDT and the TECAC analyses. We observed significant additional enrichment of experimental RBFOX targets among the genes common to UDT, TECAC casecase and TECAC case-control datasets (12 of 19 genes (63%), P < 0.0001 compared with each analysis alone). We also found significant enrichment of predicted ASD-associated genes among suggestive intragenic signals (Table III) . These comprised 13-21% of genes in the UDT and TECAC datasets and were further enriched among the 19 shared genes (58%, P = 0.0002). Moreover, we found that predicted RBFOX targets were also enriched among fetal gubernacular transcripts that were responsive to DHT and INSL3 (26% of total), developmentally regulated in normal rat fetuses (23%) or differentially expressed in LE/orl fetuses (23%) between E17 and E19 (Supplementary Table SIV) .
The case sample size was restricted to available TGCT GWAS datasets containing UDT subphenotype information. Therefore, we completed a post hoc analysis to determine the minimum effect size (odds ratio; OR) required to provide at least 80% power using the same 'suggestive' statistical threshold (P < 0.001) that we used in our prior UDT GWAS. In this analysis, we assumed an additive genetic model in which the OR for homozygotes was double that of heterozygotes. Our results (Table SV) indicated that we have power to detect markers with parameters in the ranges that are included in Table II . Notably, the ORs of the SNPs detected from the TECAC analyses are indeed on average higher than those detected in the NSC analysis, which has more power to detect lower ORs. As the TECAC analysis included a selected high-risk population, we in fact might expect the ORs to be higher, so even with a relatively small sample size the power 
Case-control (n = 679)
# genes P value* # genes P value* # genes P value* # genes P value* # genes P value* afforded by our analysis appears to be reasonable. In addition, analysis of the negative comparison dataset showed enrichment of three functions (P = 0.015) including cellular movement, and no enrichment of any custom gene list. Our existing transcriptome data suggest that Rbfox1, Rbfox2 and possibly Rbfox3 are expressed in E17-21 rat gubernaculum (Barthold et al., 2008 (Barthold et al., , 2013 . Preliminary RT-PCR results confirmed that the gubernaculum expresses both cytoplasmic (Rbfox1-202) and nuclear (Rbfox1-201) isoforms of Rbfox1 (Lee et al., 2009) . Rbfox2 transcripts corresponding to both the Ensembl Rbfox2-201 and Rbfox2-202 rat sequences interrogated using exon-specific primers confirmed that Rbfox2-201, which encodes an isoform containing an N-terminal nuclear localization signal (Wenzel et al., 2016) was also expressed. However, we did not identify expression of the cytoplasmic Rbfox2-202 isoform using three different exon-specific primers (Supplementary Table S1 ). Rbfox1 and Rbfox2 transcript levels were well-expressed by qRT-PCR, and Rbfox2 levels were significantly higher in LE/orl than in LE/wt fetuses at E19 (Fig. 2) . Rbfox3 was not expressed in the fetal gubernaculum, by either standard or quantitative RT-PCR.
Similarly, we found that RBFOX1 and RBFOX2 proteins are expressed but differentially localized in E19 gubernaculum (Fig. 3) . RBFOX1 is present in muscle and relatively enriched in the 'myogenic zone' within the developing muscle layers (Robbins et al., 2016) . Expression in the mesenchymal portions of the gubernaculum is punctate in appearance, a finding reported previously (Shibata et al., 2000) . As expected, RBFOX1 expression in abdominal wall muscle is exclusively nuclear (not shown), but is both nuclear and cytoplasmic in gubernacular muscle, consistent with its transcript expression. In contrast, RBFOX2 is highly expressed in peritoneal cell nuclei, in the distal gubernacular 'growth center' (Hutson et al., 2013) , and in the gubernacular cord.
Discussion
To date, genetic studies have not identified consistent risk loci associated with UDT. In a UDT GWAS that included only carefully phenotyped individuals that was at least as well-powered to detect genome-wide significant loci as those performed for two related phenotypes, TGCT (Kanetsky et al., 2009) and hypospadias (Geller et al., 2014) , we failed to discover specific UDT-associated genes (Barthold et al., 2015a, b) . Similarly, in linkage analysis and whole genome sequencing of a rat strain with inherited UDT, we identified a rare combination of associated polymorphisms but no unique causal variants. Yet by selective breeding of outbred strains to enrich for candidate functional variants within 2 (of multiple) linkage peaks, we were able to recapitulate the phenotype with low penetrance (Barthold et al., 2016a) . The large number of genetic syndromes associated with UDT (Barthold et al., 2016b) also suggests that multiple loci contribute to susceptibility. Moreover, increasing evidence suggests that environmental chemicals with anti-androgenic and/or estrogenic effects may contribute to the risk of cryptorchidism (Bonde et al., 2016; Skakkebaek et al., 2016) . It is possible that genetic and environmental factors have additive effects that target hormonal pathways.
In view of the increased risk of TGCT in men with prior UDT, we utilized subphenotyped TGCT GWAS (TECAC) data. After mapping suggestive markers to genes in the full UDT, TECAC case-case and TECAC case-control analyses, we searched for common loci that might represent potential UDT gene candidates. RBFOX1 and RBFOX3 were the most notable of the neurodevelopmental genes that we identified among 19 shared genes. Fox-1/RBFOX1 regulates sex determination in Caenorhabditis elegans (Hodgkin et al., 1994) and RBFOX proteins promote exclusion of exon 4 of Calca to generate the transcript encoding calcitonin gene-related peptide (CGRP), a sensory neurotransmitter (Zhou et al., 2007; Zhou and Lou, 2008) . Notably, numerous studies in the early postnatal rat suggest a role for CGRP in gubernaculum development and function (Hutson et al., 2013) . The Figure 2 Relative expression of Rbfox1 and Rbfox2 transcripts in E17 and E19 gubernacula comparing Long Evans wild type (LE/wt) and an inbred strain of UDT-susceptible (LE/orl) rats (n = 5 samples per group; bars indicate mean ± SE). Rbfox2 expression was significantly increased at E19 in the LE/orl strain (*P < 0.05). Figure 3 Single confocal Z-stack images of representative E19 LE/ wt gubernacula obtained from whole mount samples after benzyl alcohol:benzyl benzoate (BABB) tissue clearing; three replicate samples imaged showed a similar protein distribution. Proteins visualized include myosin heavy chain (MHC; specific for differentiated muscle), Draq5 (nuclear staining), RBFOX1 and RBFOX2. (A) Expression of RBFOX1 is enriched in the developing cremaster muscle, particularly the inner layer, but is also present in the mesenchymal cells of the gubernacular core and cord, and is both nuclear and cytoplasmic. (B) Expression of RBFOX2 is primarily nuclear and enhanced in the 'myogenic zone' around developing muscle, within a growth zone (the position is outlined by a white dotted circle) observable in the distal gubernacular tip, and throughout the peritoneal layer and cord of the gubernaculum (scale bars: 100 μm).
question of whether CGRP also plays a role in testicular descent or UDT in humans remains unclear; a single study failed to identify UDTassociated genetic variants in four CGRP pathway genes (Zuccarello et al., 2004) . RBFOX1 is located in 16p13.3 near 16p13.2, a genomic region associated with several syndromes whose phenotypes include UDT, including alpha thalassemia/ mental retardation associated with chromosome 16 (ATR-16) (Gibson et al., 2008) , 16p13.3 deletion or duplication, (Mattina et al., 2012; Rusconi et al., 2015) , and the 16p13.2 deletion syndrome. Deletions within 16p13.3-13.2 or RBFOX1 were reported in three boys with different presentations of syndromic UDT (Ramanathan et al., 2010; Milone et al., 2016; Pei et al., 2016) , in one case associated with an anogenital anomaly, and in a case of Müllerian aplasia (Sandbacka et al., 2013) . Similarly, RBFOX1 duplication was reported in a female with cloaca and associated renal anomalies (Harrison et al., 2014) , supporting a functional role for this gene in urogenital development.
RBFOX1 and RBFOX3 show tissue-specific expression in CNS, heart and/or muscle, while the third paralog, RBFOX2, shows a more general expression pattern (Conboy, 2017) . We observed that Rbfox2 was most highly expressed in gubernaculum, but that Rbfox1 mRNA was also expressed and the RBFOX1 protein is localized most prominently in the gubernacular 'myogenic zone' (Robbins et al., 2016) , consistent with a known role for RBFOX1 in myogenesis (Pedrotti et al., 2015) .
We took advantage of existing CLIPSeq data that predicted mRNAs targeted by RBPs in neural cells to identify potential RBFOX targets among genes defined by our human and animal studies of UDT. Although the three RBFOX paralogs all recognize the (U)GCAUG motif, their experimentally predicted targets differ. Since RBFOX targets are tissue-specific and we identified multiple RBFOX paralogs of potential relevance to UDT, we looked for enrichment of genes that are experimental targets of all three RBFOX paralogs (RBFOX1/2/3), and for computationally predicted targets that contain conserved (U) GCAUG motifs. Although there was overlap between experimentally and computationally predicted targets, the majority of genes were unique to each. We found marked enrichment of both categories among mapped genes for all of our independent GWAS analyses, and also for differentially regulated genes identified by transcriptome profiling of the fetal rat gubernaculum.
In pathway analysis of distinct and shared genes from these three analyses, we observed consistent enrichment of genes involved in nervous system development and function and cellular organization. Although not well recognized, several large population-based studies have suggested that genital anomalies, UDT and/or hypospadias, were significantly associated with ASD and other neurodevelopmental disorders (Liederman et al., 1997; Rzhetsky et al., 2014; Butwicka et al., 2015; Timonen-Soivio et al., 2015; Chen et al., 2018) , although these associations may exist due to both shared genetic and environmental factors. Interestingly, we previously reported that the INSL3-responsive gubernacular transcriptome was enriched in neural pathway genes (Johnson et al., 2010) , most notably Pnoc, encoding a sensory neuropeptide. While many of the neurodevelopmental candidate genes that we identified are expressed in the gubernaculum, and some of these are responsive to INSL3 and/or DHT stimulation, it is possible that variants in genes expressed in the brain, testis, spinal cord and/or dorsal root ganglion contribute to UDT risk indirectly by altering pathways important for testicular descent, such as the hypothalamic-pituitary-gonadal axis, or sensory innervation of the gubernaculum.
The present analyses are limited by potential biases. Gene size and the number of markers per gene may increase the risk of false positive results using this analytic approach. The reason that we did not identify known TGCT-associated genes identified by prior GWAS in the TECAC case-control analysis is unclear, but may reflect either the small number of cases or the possibility that risk loci for TGCT with and without UDT are distinct. Interestingly, several of these shared genes (RBFOX1, CSMD1, CDH13 and FHIT) show altered expression and/or methylation in TGCT tissue (Honorio et al., 2003; Skotheim et al., 2003; Lind et al., 2006; Cheung et al., 2010) . Misclassification of UDT cases as unaffected cases or controls is possible, but would likely bias the results toward the null, reducing power to discover common suggestive signals within genes. Despite the small number of TGCT/ UDT cases, our power analysis suggests adequate sample size. We believe that the present analysis supports RBFOX and other neurodevelopmental genes as biologically relevant candidates that should be tested in future studies of UDT susceptibility. The fact that RBFOX paralogs are expressed in both gubernaculum and CNS implies the potential for multiple levels of regulation and may explain complex susceptibility to this common birth defect.
